scale "nori" aquaculture occurs. Diatom blooms have caused the exhaustion of nutrients in the water column during the "nori" harvest season. The resultant lack of nutrients has suppressed the growth of "nori" and lowered the quality of "nori" products due to bleaching with the damage of the order of billions of yen (Nishikawa 2007) . In Harima-Nada, bleaching problems have occurred since the mid 1980s, and Manabe & Ishio (1991) related the bleaching of "nori" to massive occurrences of the giant diatom Coscinodiscus wailesii Gran. In addition, since the mid 1990s, blooms of Eucampia zodiacus Ehrenberg have been detected during the harvest season, and the damage to "nori" by bleaching has become more severe and the duration prolonged (Nishikawa 2007) . Therefore, E. zodiacus has become a predominant harmful organism causing the bleaching of "nori" in Harima-Nada.
In Harima-Nada, the Fisheries Technology Institute, Hyogo Prefectural Technology Center for Agriculture, Forestry and Fisheries, initiated measuring of water quality parameters in April 1973, along with the identification and cell counts of phytoplankton to monitor the fishing grounds (Manabe et al. 1994 , Nishikawa et al. 2010 . The monitoring has been carried out using similar methods until now, therefore, the data sets allow evaluation of eutrophication and recovery processes in Harima-Nada (Nishikawa et al. 2010) . Using the data, Nakamura et al. (1989) identified the dominant phytoplankton species in Harima-Nada, and elucidated the pattern of the annual and seasonal changes from 1973 to 1988. In addition, Manabe et al. (1994) and Nishikawa et al. (2010) examined the relationship between water quality parameters and phytoplankton using the 20-year (from 1973 to 1993) and 35-year (from 1973 to 2007) environmental monitoring data from Harima-Nada, respectively.
In the present study, we describe longer-term variations in the population dynamics of phytoplankton, with special reference to E. zodiacus, together with environmental factors using monthly monitoring data obtained from 1974 to 2008 (35 years), and discuss the factors allowing the dominance of the E. zodiacus population in recent years.
Material and Methods
Monthly observations were carried out at 19 sampling stations in Harima-Nada from January 1974 through December 2008 (Fig. 1) . Water samples were collected from three depths; surface, 5 m (for 4 stations which were Ͻ10 m deep) or 10 m (the other 15 stations), and 1 m above the bottom (B-1 m), using a clean bucket, and a Kitahara or Van-Dorn water sampler (Manabe & Tanda 1985) .
For the first 20 years, water samples were analyzed according to the methods described in Manabe et al. (1994) , and after 1994, the following methods were used. Water temperature and salinity were measured using a STD (AST-1000M or ACL215-PDK, JFE Alec) at the same depth and time as the water sampling. Concentrations of dissolved inorganic nitrogen (DIN, NO 3 -NϩNO 2 -NϩNH 4 -N), phosphate (PO 4 -P) and dissolved silicic acid (SiO 2 -Si) were analyzed with an Autoanalyzer II (Technicon, until March, 2005) or TRAACS-800 (Bl-Tec, after April, 2005) , according to the protocols of Manabe & Tanda (1986) .
Phytoplankton observations and countings were carried out using fresh unconcentrated samples collected from the surface layer on each sampling day, or occasionally on the following day. Species identification and cell count of phytoplankton were made using 1-mL water samples with a light microscope.
In Harima-Nada, nutrient concentrations and phytoplankton cell densities are both generally higher at the stations near to the shore (Manabe et al. 1994) , and higher densities of E. zodiacus were often observed in the northern nearshore areas . However, in the present study, we used all the observation data from all the 19 sampling stations to understand general tendencies within the whole area of the Harima-Nada. To determine the longterm trend in water quality of the whole area of HarimaNada, mean values for each monthly parameter were calculated using the overall means of three depths at 19 sampling stations. Then, linear regressions of each monthly mean against elapsed years were obtained by the least squares method. The slope of these regressions was tested against 0 using a t-test. 
Results
Over the 35-year study period, Eucampia zodiacus cells were detected every year, and seasonal cell densities were found to be higher from January to April (Fig. 2) . The mean monthly cell densities of E. zodiacus varied from ND (Ͻ1 cell mL
Ϫ1
) to approximately Ͻ100 cells mL Ϫ1 in the 1970s, then decreased in the early 1980s, and remained constant with relatively low values until the early 1990s. After the late 1990s, the densities increased and the maximum monthly values often reached 100 to 300 cells mL Ϫ1 in the winter season.
Long-term changes in water temperature, salinity and inorganic nutrient concentrations are shown in Figs. 3 and 4 for the months from January to April, when cell densities of E. zodiacus were abundant (Fig. 2) . Since the late 1990s, the lowest temperatures in each year were higher than 8°C. A significant increase in temperature was noticed in the months from February to April during the 35-year period (t-test, pϽ0.05) . Salinity varied between 31.0 and 33.5 and showed no general pattern.
DIN concentration showed a trend of significant decrease over the 35-year period in each month from January to April (Fig. 4, t -test, pϽ0.05) . After the mid 1990s, monthly values for March and April were usually lower than 3 mM, and such low DIN condition frequently leads to "nori" bleaching in Harima-Nada (Nishikawa 2007) . Phosphate gradually decreased from January to April in each year, and after February, most monthly values were lower than 0.5 mM. The fluctuation of phosphate in each monthly value was not significant over the 35-year period (Fig. 4, t- Figures 5 and 6 show long-term variations in cell density and composition of phytoplankton in the surface layer of Harima-Nada during the period from January to April in each year . Total phytoplankton cell densities tended to be high in the 1970s (Fig. 5) . In contrast to this trend, the abundances of E. zodiacus increased in the mid 1990s. The major phytoplankton component was always diatoms in each month, although dinoflagellates occasionally reached Ͼ50% of the total cell density in April. The proportion of E. zodiacus to the total phytoplankton cell density has also increased in recent years (Fig. 6 ).
Discussion
The present study suggests that the shift of environmental factors have caused the recent dominance of Eucampia zodiacus in Harima-Nada. Nishikawa et al. (2010) reported that there were two significant long-term changes, i.e. an increase in water temperature of 0.042°C year
Ϫ1
, and a decrease in DIN in Harima-Nada. In our results, monthly values of water quality parameters also showed significant long-term changes: the increase in water temperature (in February-April), and the decrease in DIN (in JanuaryApril), and during those months E. zodiacus generally showed the highest cell densities (Figs. 2, 3) .
It is known that causative organisms for the bleaching of "nori", such as E. zodiacus and Coscinodiscus wailesii, have high sinking rates compared to other dominant diatom species, since their cell volumes are so large (Bienfang et al. 1982 , Bienfang & Harrison 1984 , Ono et al. 2006 . Therefore, during the period of stratification of the water column from April to September, conditions are thought to be unsuitable for vegetative growth of these large-sized diatoms. During the bloom period, vegetative cells of C. wailesii were observed in the whole water column, and the cell density generally tended to be more abundant with depth . Vertical distribution of E. zodiacus is similar to that for C. wailesii , and the population dynamics of E. zodiacus was also expected to be affected by thermal stratification and mixing in the water column, as found for C. wailesii.
On the basis of the relationship between growth characteristics and seasonal fluctuation of the environmental factors in Harima-Nada, optimal conditions for the growth of E. zodiacus appear in the autumn season (Nishikawa & Yamaguchi 2006 , Nishikawa et al. 2010 ), but its blooms have never occurred in autumn (Fig. 2 , ). On the other hand, the highest cell densities of C. wailesii are generally observed in autumn , and the optimum temperature range for growth obtained in laboratory experiments shows a close accordance with the field data from Harima-nada (Nishikawa et al. 2000 , Nishikawa & Yamaguchi 2008 . The minimum and maximum cell sizes of E. zodiacus are observed from October to November every year, and restoration of cell size occurs annually in every autumn in Harima-nada, suggesting that E. zodiacus spends autumn for cell size restoration, and starts to form blooms thereafter ). As a result of such a life cycle, cell densities of E. zodiacus generally peak in the season of winter and early spring with lower water temperatures (Figs. 2, 3 , .
During the winter season, the maximum growth rate of E. zodiacus (ca. 1.0 division d
) were estimated to be 1/3 of those obtained at the optimum temperature of 20-25°C (Nishikawa & Yamaguchi 2006 ). In addition, E. zodiacus can grow at 7°C and above, but not at 5°C (Nishikawa 2002) . On the other hand, the growth rates of E. zodiacus rapidly increase along with a rise in temperature (Nishikawa 2002 , Nishikawa & Yamaguchi 2006 . Consequently, E. zodiacus can grow at higher rates under the re- 
Fig. 4.
Long-term variations in dissolved inorganic nitrogen (DINϭNO 3 -NϩNO 2 -NϩNH 4 -N), phosphate (PO 4 -P) and silicic acid (SiO 2 -Si) concentrations of Harima-Nada from January to April in each year . Monthly data are averaged for 3 depths at 19 sampling stations. The horizontal bold line for DIN concentration shows the level of 3 mM. cent warm winter conditions, i.e. higher winter water temperatures are more advantageous to the growth of E. zodiacus, and it is an important factor allowing the noted dominance of E. zodiacus in phytoplankton abundances in recent years.
It is well known that many planktonic diatoms form resting stage cells as a part of their life cycle (McQuoid & Hobson 1996) . For instance, C. wailesii forms resting cells from April to August, and its vegetative cells usually start to grow in September after the initiation of vertical mixing events in Harima-Nada (Nagai et al. 1996) . Resting stage cells have been found for many dominant diatoms in Harima-Nada, such as Skeletonema costatum (Greville) Cleve (Itakura et al. 1992) , Chaetoceros spp. (Itakura et al. 1993 , Kuwata et al. 1993 and Leptocylindrus danicus Cleve (Davis et al. 1980 , French & Hargraves 1986 , and nitrogen depletion has been reported to be the most effective trigger for resting stage cell formation (Hargraves & French 1983 ). On the other hand, resting stage cells of E. zodiacus have not been found hitherto despite efforts in the Seto Inland Sea (Imai et al. 1990 . Vegetative cells of E. zodiacus were observed in the water column all year-round, and a great seasonal regularity was confirmed in decrease and restoration of its cell size in Harima-Nada, suggesting that E. zodiacus either has no resting stage in the life cycle, or its resting period is much shorter than other dominant diatom species (Nishikawa et al. 2007) .
We suggest that the decrease in DIN concentration is also one of the key factors associated with the change of phytoplankton composition, especially the predominance of E. zodiacus in Harima-Nada. Since the mid 1990s, lower DIN concentrations were observed as a trend, especially in the period of March to April (Fig. 4) . It is assumed that diatom species that have no resting stages are only able to survive as vegetative cells. Eucampia zodiacus has a high growth rate (Nishikawa & Yamaguchi 2006 ) and utilizes nitrogen efficiently at low water temperatures ). In addition, the K s values (half-saturation constants) of nitrate for the growth of E. zodiacus are lower than the mean values of DIN concentration in Harima-Nada from January to April (Nishikawa & Hori 2004 , Nishikawa et al. 2010 . Accordingly, low DIN conditions give E. zodiacus an ecological advantage. Based on the life history and growth characteristics of E. zodiacus, the decrease in DIN concentrations has led to the dominance of E. zodiacus in the phytoplankton communities of Harima-Nada.
This study has focused on the long-term variations of the harmful diatom E. zodiacus. The results showed a clear relationship between recent predominance of E. zodiacus and changes of environmental factors during a 35-year period. In the 1970s, high DIN concentrations inevitably resulted in massive occurrences of phytoplankton (Nishikawa et al. 2010) , which competed with E. zodiacus through utilization of nutrients. Therefore, cell densities of E. zodiacus were lower than those of the mid 1990s and thereafter. DIN concentrations and total phytoplankton cell densities exhibited a decrease in the 1980s and thereafter, and E. zodiacus appearance was still lower in the 1980s. During this period, low water temperature has presumably suppressed the growth of E. zodiacus and lowered its cell densities. After the mid 1990s, the shift of environmental conditions such as for a warm winter and lower DIN would lead to better conditions for bloom formation of E. zodiacus, which is considered to have contributed to the domination by E. zodiacus in recent years.
During the 35 year period from 1974 to 2008, the scale and term of red tides in the 1990s and thereafter appeared to become smaller and shorter than those in the 1970s and 1980s (Imai et al. 2006) . However, blooms of novel harmful microalgae, such as the dinoflagellate Heterocapsa circularisquama Horiguchi (Yamaguchi et al. 1997 ) and the raphidophyte Chattonella ovata Y. Hara et Chihara (Yamaguchi et al. 2010 ) have been observed. These new members of the community can tolerate higher temperatures compared to previously prevailing species. In addition, toxic di-32 T. NISHIKAWA et al. Fig. 6 . Long-term variations in composition of major phytoplankton (indicated as genera) in the surface layer of Harima-Nada from January to April in each year . Phytoplankton composition data are the average of monthly samplings at 19 stations.
noflagellate blooms by Alexandrium tamarense (Lebour) Balech have been recorded in the spring of 2006-2008 in Osaka Bay near Harima-Nada ). Further studies are required to clarify long-term trends in other predominant species, especially focusing on harmful species together with environmental factors in HarimaNada.
